Abstract-This paper reports an attainable channel capacity and spatial degrees-of-freedom of multiple-antenna radio channels at 15, 28 and 61 GHz. The analysis is based on channel sounding in a same street canyon. The attainable capacity is evaluated so that it depends only on the antenna aperture size but is independent of implementation of antenna elements on the aperture. The analysis shows that multipath richness decreases as the frequency increases, as indicated by the smaller spatial degrees-of-freedom at higher frequencies for the same electrical aperture size of the receive antenna. The analysis furthermore reveals that channels at the three radio frequencies can attain almost the same level of capacity for a given transmit power and physical size of the receive antenna. The result is explained by a greater electrical size of the antenna aperture at the higher frequencies that can leverage higher gains and finer angular resolution and hence normalize the availability of fewer multipaths.
I. INTRODUCTION
Demands of very high data rate radio communications are ever increasing in the cellular context, for which a novel physical layer technology is required. The use of higher frequencies than 6 GHz up to millimeter-wave band is among possible candidate methods to fulfill the demand. One of the important open questions in cellular system design exploiting the higher frequency bands is the choice of the radio frequency that provides sufficiently high channel capacity. In addition to the available bandwidth defined by the spectrum regulation, the physical radio channels also determine the attainable channel capacity at a specific frequency band. For example, it has been known for many years that radio systems operating at higher frequencies than 6 GHz can offer the same or even better link budget as low frequency systems with the same antenna aperture size for a line-of-sight (LOS) scenario [1] . This is attributed to the greater electrical size of an antenna aperture of a fixed physical size as the frequency goes higher, leading to higher beam focusing gain that compensates for the pathloss. On the other hand, the frequency dependency of radio channels is non-trivial when it comes to spatial multipath richness. The multipath richness is of particular relevance to the high frequency because of their potential of spatial data and user multiplexing per time-frequency resource. The radio propagation below 6 GHz provides rich multipaths due to abundant reflection and scattering from the surrounding environment, while antenna aperture equipped in a communication device may not be electrically large enough for significant spatial multiplexing; in this case, the advantage of rich multipath propagation may not be fully exploited by the antenna aperture. On the other hand, millimeter-wave frequency band, e.g., 60 GHz, offers electrically large antenna even with a physically small aperture to steer narrow beams towards users and allows much better spatial multiplexing capability. In contrast, there are fewer multipaths in radio wave propagation due to angularly-selective reflection, diffraction and scattering that may limit the spatial multiplexing. Here advantage of the large antenna aperture size may not be fully exploited due to the multipath sparsity in the radio propagation. It is therefore possible that multiple-antenna radio systems operate optimally at a radio frequency whereby they take full advantage of both the multipath richness and largeenough antenna aperture for improving the spectral efficiency. Comparisons of the attainable channel capacity of multiple antenna channels at different radio frequencies are therefore the goal of this paper.
Previous studies shed lights on frequency dependency of multipath richness for capacity improvement only to a limited extent; the work [2] compares the capacity in an urban scenario at 28 and 73 GHz, showing that they provide almost the same channel capacity. While the work [3] infers from a single indoor channel analysis that 5 GHz radio frequency may provide the best channel capacity. It is apparent that there are much more rooms to be studied such that wider radio frequency ranges and more radio environments are covered. This paper adds insights into the attainable capacity of multiple-antenna channels at 15, 28 and 61 GHz through channel sounding in a same urban street canyon [4] . The attainable capacity is analyzed by defining the spatial channels with respect to the modes of antenna aperture, e.g., [3] , [5] , [6] , and not to the antenna elements as traditionally done. We show from the analysis that the attainable capacity can be almost comparable at the three frequencies, which supports the finding in [2] , though there are exceptions depending on propagation conditions.
In the remainder of the paper, we introduce the definition of the spatial channel and its attainable capacity in Section II. Section III provides the multi-frequency channel sounding in a campus street canyon at 15, 28 and 61 GHz. Having compared the attainable capacity at the three frequencies in Section IV, we summarize our findings in Section V.
II. SPATIAL CHANNELS, THEIR DEGREES-OF-FREEDOM
AND ATTAINABLE CAPACITY The capacity of multiple-antenna channels depends on the multipath richness and the antenna array configuration. In order to make the analysis generic and applicable to any possible antenna array configurations, we evaluate the attainable capacity of radio channels with certain antenna aperture. A physical area where the antenna array is implemented is called aperture. A rule of thumb shows that antenna aperture that can be enclosed by a sphere of the minimum radius 0 supports up to spherical modes given by
where 0 is a wavenumber in the free space, ⌊⋅⌋ is the floor function, and is an uncertainty factor taking values between 0 and 10 for practical antennas [7] . The underlying physics behind (1) is that an electromagnetic field modeled by modes higher than attenuates rapidly from the antenna and does not propagate effectively over the free space. According to (1) , larger antennas can support more modes to propagate over the channel.
Next we define the multipath channel in a similar way as [5] . The narrowband multipath channel is usually described by a set of propagation paths based on a plane wave assumption as
where ∈ ℂ 2×2 is a polarimetric complex amplitude,
is a vector composed of azimuth and polar angles on the receive (Rx) side; this report considers a single-directional, i.e., single-input multiple-output, channels for simplicity. The notation means that a parameter value for the -th propagation path, 1 ≤ ≤ . The same channel can be expressed by a mode coupling vector between the transmit (Tx) and the Rx sides as
where (Γ ′ ) ∈ ℂ 2× and denote the far-field electric field intensity of the Rx and Tx modes and ⋅ is a transpose operation of a matrix or a vector. In a three-dimensional case, the mode is defined by the orthonormal spherical harmonics [7] . Since we assume that the Tx antenna is an isotropic point source, the Tx far-field coefficient vector becomes = [1 1] . The size of the column vector ∈ ℂ is therefore determined by the Rx antenna aperture size given by (1) .
Finally, capacity of the radio channel is derived from the mode coupling vector . A channel covariance matrix at the Rx is given by
where
refers to an ensemble average over realizations of subject to the small-scale fading and ⋅ is a Hermitian transpose operation of a matrix or a vector. Denoting the eigenvalue decomposition of the covariance matrices as = Λ where is a unitary matrix consisting of eigenvectors and Λ is a diagonal matrix composed of eigenvalues, the capacity is given by where 2 is noise variance at the Rx, t is a power to the Tx isotropic point source and tr(⋅) is a trace of a matrix. The formula (5) gives a capacity that Rx antenna aperture of a specific size can achieve in multipath channels, and is called an intrinsic channel capacity [6] . Furthermore, the spatial degreesof-freedom (SDoF) of the channel is estimated as
where diag(Λ) is a -th diagonal element of a matrix Λ. It is also assumed that the eigenvalues are sorted in the descending
It is shown in [8] that (6) is an upper bound of the number of independent branches in spatial diversity channels.
III. MULTIPLE-FREQUENCY CHANNEL SOUNDING

A. Channel Sounder
The multiple-frequency channel sounder operating at 15, 28 and 61 GHz is based on a vector network analyzer (VNA) that allows phase-synchronized measurements of scattering parameters with the radio channels being device-under-test. Channel measurements at 28 and 61 GHz are realized by mixing the VNA signals with local oscillator signals in frequency up-and down-converters, while there is no converters needed at 15 GHz. The VNA is capable of very wide-bandwidth measurements, but the measurement bandwidth is practically limited by the radio license. To allow measurements of long link distances, the sounder is equipped with 1) optical fiber cables to replace lossy coaxial cables at the frequency bands and 2) a high gain and directive horn antenna at the Rx side to increase the measurement dynamic range. In our channel sounder, the horn antennas at the three frequencies have almost identical electrical aperture size and hence the radiation patterns, allowing consistent angular resolutions at the three frequencies. We furthermore use two horn antennas for vertical and horizontal polarizations that have almost identical radiation patterns. Details of the channel sounder are described in [4] .
B. Channel Sounding
We performed multi-frequency channel sounding in a campus street canyon scenario in Aalto University, Finland. The two-dimensional view of the measurement site is shown in Fig. 1 . The Rx antenna was fixed next to a shed at one side of the street, while the Tx antenna was placed at 11 different locations; the LOS locations were the same street as the Rx, whereas non-LOS (NLOS) locations were behind a corner at the end of the street canyon. It must be noted that the channel sounding at three frequencies was not performed at the same time, but with some time interval between sounding at different frequencies. Specifically, 15, 28 and 61 GHz measurements were performed in July, June and November 2015. This makes the channel at three frequencies not fully consistent to each other because of some moving objects such as cars parking on the street. For example, there were almost no parking cars at 28 GHz measurements, while the two sides of the street were occupied by parking cars during 15 and 61 GHz measurements. Since both the Tx and Rx antenna heights were above the rooftop of most cars and hence they do not shadow propagation paths off from side building walls if the Tx-Rx link distance is less than 80 m, i.e., to the left of Tx7 in Fig. 1 . However, the Tx-Rx links with larger separation distances may have propagation paths shadowed by car roofs due to a slight slope of the street toward its end section [4] . In addition to cars, tree leaves are also significantly different for seasons, though its effect is expected to be limited in our measurement because only minor vegetation exists on one side of the street canyon.
For each Tx-Rx link, the horn antenna on the Rx side was scanned over the azimuth angles with 5 ∘ steps. The polar angle was set to 90 ∘ , i.e., the horizontal direction. The measurement was repeated with horn antennas having vertical and horizontal polarizations to obtain vertical-Tx/vertical-Rx and verticalTx/horizontal-Rx polarization measurements. A back-to-back (B2B) calibration was performed prior to the measurement by connecting interfaces of Tx and Rx antennas through a 20-dB attenuator. The calibration makes the measured channels represent characteristics of the antennas and radio wave propagation.
C. Channel Modeling
Propagation paths were detected from the measured power angular and delay profiles (PADPs). Exemplary PADPs from measurements at Tx3 are shown in Fig. 2 . The figures include detected propagation paths indicated as crosses. The propagation paths were detected using a simple peak search method detailed in [9] . Each propagation path is characterized by a polarimetric path amplitude , propagation delay time and azimuth angle of arrival ′ , which compose the plane wave parameters defined in (2); the propagation delay estimates are not used for the link simulations. The polar angle ′ was set to 90 ∘ because the channel sounding did not perform antenna scanning over the polar angle, and subsequently, we assume that all the paths come from the horizontal directions 1 . The PADPs were derived with 500 MHz bandwidth at the three 
IV. CAPACITY EVALUATION
A. Method
The intrinsic channel capacity of each link at different radio frequencies is estimated from (5). The mode coupling vector was obtained by (3) together with the parameters of propagation paths (2) estimated from the measurements as detailed in Section III. The dimension of was determined by the Rx antenna aperture size in (1) with = 0; 100 smallscale realizations of were obtained by allocating a random phase to the amplitude of propagation paths . The ensemble averaging in (4) was taken over the 100 realizations. The noise level at the Rx was set such that 2 = ⋅ 10 10 , where is the Boltzmann constant, is the absolute temperature of the environment and is the noise figure of the Rx. Link parameter values for the capacity estimation are as summarized in Table I . The bandwidth and the Tx power is set assuming a single subcarrier of the orthogonal frequency division multiplexing signaling in the 802.11ad-2012 standard with the total Tx power of 10 dBm over 2.16 GHz bandwidth [10] . An ideal circular antenna aperture with a half-gain beamwidth of 10 ∘ , which is the Rx angular resolution of our channel sounding, has 2.95 radius, 27.3 2 size and 25.4 dB gain. Assuming that this ideal circular aperture is installed at the Rx for the capacity estimation, the dynamic range of the link simulation becomes 114.6 dB. Since the dynamic range of the channel sounding at the three frequencies are greater than that of link simulations as shown in Section III, the link simulations allow a fair comparison of the intrinsic channel capacity at the three radio frequencies in a consistent manner with our channel sounding. Furthermore, it must be noted that the capacity simulation with larger Rx aperture than 27.3 2 does not provide sound estimates because the corresponding azimuth angular resolution becomes better than that realized in the channel sounding.
B. Results and Discussion
1) Fixed electrical size of Rx aperture: Figure 3 depicts the estimated intrinsic channel capacity and the SDoF with the same electrical antenna aperture size at the Rx, 27.3
2 . The identical electrical size leads to the same azimuth angular resolution and the gain at the Rx, i.e., 10 ∘ and 25.4 dB in this case, and corresponds to 109.4, 31.4 and 6.6 cm 2 in physical size at 15, 28 and 61 GHz. Given the same Tx power and the noise level in the link simulations, the figure shows the extent of multipath richness within a signal dynamic range. The capacity in Fig. 3(a) indicates an intuitive trend that lower frequency radio channels give greater capacity due to the same Tx and Rx antenna gains; 61 GHz channels suffer from a low signal-to-noise ratio (SNR) in NLOS cases and in LOS links greater than 100 m, where the observed propagation paths are very few and weak. Figure 3 (b) however shows a counterintuitive trend that 28 GHz channels have the same level of SDoF as 15 GHz in many links. This may be in line with a finding in [4] that the Rx angular spread at 28 GHz is greatest among the three frequencies in many links, possibly because of absence of cars in the street that block specular reflections from building walls at 15 and 60 GHz in LOS links. It is worthwhile to note that the similar level of SDoF at 15 and 28 GHz did not lead to a comparable capacity in Fig. 3(a) because the eigenchannels are weaker at 28 GHz than 15 GHz; the number of eigenchannels above the Rx noise level is identical to the SDoF as defined in (6) .
2) Fixed physical size of Rx aperture: Figures 4 and 5 illustrate the estimated intrinsic channel capacity and SDoF with the same physical aperture size at the Rx; Fig. 4 shows them with 6.6 cm 2 and Fig. 5 for 31.4 cm 2 . These two sizes correspond to 27.3 2 that achieve 10 ∘ azimuth angular resolution at 61 and 28 GHz with the idealistic Rx circular aperture. Figure 5 does not include the capacity estimates at 61 GHz since the aperture size at the frequency is greater than 27.3 2 , which we specified in Section IV-A as the upper limit of the aperture size that can be evaluated faithfully with our the channel sounding. Figure 4(a) show that channels at the three frequencies provide almost comparable levels of capacity when the link distance is less than 100 m and is LOS. The capacity of a link with greater separation than 100 m is outage at 61 GHz because of the very few and weak multipaths observed in these links. Almost the same trend was observed in the SDoF according to Fig. 4(b) ; they are comparable at the three frequencies mostly, except for longer Tx-Rx separation distances than 100 m where 61 GHz links have zero SDoF where all the eigenchannels are below the noise floor even after eigenbeamforming.
The comparison of the capacity and SDoF with 31.4 cm 2 Rx aperture size is shown in Figure 5 . The figure brings an important finding that 28 GHz channels have almost comparable performance to 15 GHz. Even though there are less multipaths at 28 GHz than 15 GHz as discussed in IV-B1 based on Fig. 3(b) , the increased gain focusing and finer angular resolution of the Rx aperture normalizes the attainable channel capacity. Figure 5(b) shows that the SDoF is indeed greater at 28 GHz than 15 GHz with the same physical size of the Rx aperture.
V. CONCLUDING REMARKS
This paper reported attainable capacity and SDoF of 15, 28 and 61 GHz channels based on measurements in a same street canyon. The analysis showed that the inherent multipath richness of the channel, which is indicated as the SDoF for a given electrical antenna aperture size leading to the same angular resolution of the channel, decreases as the frequency increases. However, the channels at three frequencies show almost comparable capacity for a given physical aperture size in our LOS conditions. The 60 GHz LOS channels with greater Tx-Rx separation than 100 m suffer from a low SNR due to a small number of multipaths that are very weak. Finally, it is worth pointing out that the channels at the three frequencies are equally powerless in the studied NLOS conditions with the given transmit power, and hence we saw capacity outage mostly. It is essential to extend this study to other environments to observe if the findings from the present analysis hold there too.
